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ABSTRACT
HIERARCHICAL ORGANIZATION IN POLYMERIC SYSTEMS
SEPTEMBER 2007
DONGSEOK SHIN, B.S.E., SEOUL NATIONAL UNIVERSITY
M.S.E., SEOUL NATIONAL UNIVERSITY
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Thomas P. Russell
Hierarchical assembly of materials has attracted significant interest, since it
provides opportunities to fabricate novel materials. In this thesis, we investigated three
different systems where polymer chains organize hierarchically.
First, a semicrystalline triblock copolymer, poly(L-lactic acid-Z)-ethylene oxide-
^-L-lactic acid) (PLLA-Z?-PEO-Z>-PLLA), was prepared and the effect of the block-wise
construction on the sequential crystallization was investigated by comparison to the
corresponding homopolymer blend. In the resultant spherulitic morphology, the
crystallization of PEO occurred within the framework established by the PLLA crystals.
The preformed PLLA crystals biased the PEO chain orientation and the effect was more
significant in the block copolymer system, where PEO chains were covalently anchored
to PLLA.
Secondly, the influence of the microenvironment of multifunctional chains on
their organization was studied. For this investigation, styrene-based linear polymers
having two different pendant groups, a carboxylic acid and a neutral group, on every
repeat unit were prepared. With alky! («-CioH2i-) groups as the neutral pendant, the
ix
linear macromolecules assembled into thermally reversible globular aggregates through
non-covalent interaction with multifunctional tertiary amines. The aggregates had a
structural hierarchy and remained stable without inter-particle crosslinking. In the
absence of the alkyl pendant groups, control over the structure and properties of the
aggregates was lost.
In a third system, the coupled self-assembly of bionanoparticles and block
copolymers was investigated. A simple way to incorporate bionanoparticles into a thin
film of water-insoluble block copolymer was developed by combining the
bionanoparticle adsorption on a polymer film and subsequent annealing under solvent
vapor. Through the use of a block copolymer having a positively charged component,
the loading of bionanoparticles increased significantly. When highly loaded, a
hierarchical co-assembly of the block copolymer and the bionanoparticle was observed
where the microphase separation of the block copolymer forced a segregation of
bionanoparticles to the grain boundaries, forming a much larger scale structure.
X
TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS v
ABSTRACT ix
LIST OF TABLES xiii
LIST OF FIGURES xiv
CHAPTER
1. INTRODUCTION 1
1.1 Structural Hierarchy 1
1.2 Hierarchical Structures in Synthetic Polymer Systems 4
1.3 Outline 8
1.4 References 9
2. SEMICRYSTALLINE A-B-A TRIBLOCK COPOLYMER 12
2.1 Introduction 12
2.2 Experimental 14
2.2.1 Materials 14
2.2.2 Characterization 15
2.3 Optical Properties 17
2.4 Thermal Behavior 22
2.5 X-ray Studies and Chain Orientations 24
2.6 Conclusion 34
2.7 References 35
3. CHAIN STRUCTURE EFFECT ON THE ASSOCIATION OF
MULTIFUNCTIONAL LINEAR POLYMER CHAINS WITH
TRIFUNCTIONAL MOLECULES 37
3.1 Introduction 37
3.2 Polymers in Solution States 40
3.3 Aggregates of the Polymer Chains Having Alkyl Pendants 41
3.3.1 Thermal Reversibility 41
3.3.2 Size Control and the Shape of the Aggregates 45
xi
3.4 Aggregates of the Polymer Chains Having Hydrogen as a Pendant 48
3.5 Stabihty of Aggregates 50
3.6 X-ray Studies 54
3.7 Conclusion 57
3.8 Experimental 58
3.8.1 Materials 58
3.8.2 Characterization 59
3.9 References 60
4. CO-ASSEMBLY OF BIONANOPARTICLES AND WATER-INSOLUBLE
BLOCK COPOLYMERS IN A THIN FILM 63
4.1 Introduction 63
4.2 How to Incorporate Bionanoparticles into Block Copolymer Thin
Films 64
4.3 Ferritin / PS-Z>-PEO System 66
4.4 Ferritin / PS-/)-P4VPQ System 70
4.5 TMV / PS-^-P4VPQ System 80
4.6 Conclusion 83
4.7 Experimental 84
4.8 References 85
5. SUMMARY AND OPPORTUNITIES 87
5.1 References 89
APPENDIX: SUPPLEMENTAL INFORMATION FOR CHAPTER 4 90
BIBLIOGRAPHY 96
xii
LIST OF TABLES
Table Page
2. 1 . Characteristics of employed triblock copolymers 15
2.2. Optical retardation rate (room temperature to 80°C) of employed
materials 21
2.3. Crystallinity (Xcj) of a triblock copolymer and a homopolymer blend 23
xiii
LIST OF FIGURES
Figure Page
1.1. Four levels of structure in hemagglutinin, whose three identical
subunits are composed of two chains, HAl and HA2. (a) Primary
structure is illustrated by the amino acid sequence of residues 68
-195 of HAl. Secondary structure is represented
diagrammatically beneath the sequence (cylinders: a helices,
arrows: P strands, white strands: random coils), (b) Tertiary
structure, (c) The quaternary structure comprises the three
subunits ofHA 2
1 .2. Hierarchical structure in human compact bone. Fibrous, laminar,
particulate and porous structure is present at different size scales 3
1.3. Bright field electron micrograph of a ternary blend of poly(styrene-/)-
ethylene propylene) / gold nanoparticle / silica nanoparticle 6
1 .4. Hierarchical structures fabricated through the combination of top-
down / bottom-up methodologies, (a) SFM phase image of
poly(styrene-^-ethylene oxide) spin-coated onto a surface
containing lithographically etched 0.875)j,m wide, 0.325fxm deep
channels, (adopted from reference 24) (b) SFM height images
obtained from thin films of poly(a-methylstyrene-/)-4-
hydroxystyrene) on a silicon wafer after removal of poly(a-
methylstyrene) from photopattemed polymer matrix, (i) 2 and 1.5
|im lines and dots shown, (ii) A magnification of a 2 [im line, (iii)
A further magnification of the line 7
2.1. Polarized optical micrographs taken at 1 40 °C, 80 °C, and 25 °C
during a cooling (-2 °C/min) process. ; (a) PLLA209-PEO455-
PLLA209 and (b) PLLA/PEO blend (^lla=0.57). A first order red
plate {A=530 nm) was inserted in the light path, (c) Michel-Levy
interference color chart, (d) Schematic of optical axes in a
spherulite 18
2.2. Polarized optical micrographs of homopolymer spherulites.; (a)
PLLA and (b) PEO. A first order red plate (A=530 nm) was
inserted in the light path 20
xiv
2.3. DSC thermograms obtained with a heating rate of 10 °C/min ; (a)
PLLA209-PEO455-PLLA209 and (b) PLLA/PEO blend
(^LLA=0.57). Samples were crystallized by slowly cooling (-2
°C/min) before running DSC 23
2.4. Wide angle X-ray diffraction patterns of PLLA209-PEO455-PLLA209
triblock copolymer (a and b) and PLLA/PEO blend (c and d)
(<^LLA=0.57) measured at 20 °C (b and d) and 80 °C (a and c). (*
: a peak from Kapton®, ^=0.41 A ') 25
2.5. Small angle X-ray scattering patterns of PLLA209-PEO455-PLLA209
(<Z^LLA=0.57) as a function of temperature (from 20°C to 180°C,
20°C/step) 27
2.6. Small angle X-ray scattering patterns of PLLA/PEO blend
(<z^LLA=0.57) as a function of temperature (from 20°C to 180°C,
20°C/step) 28
2.7. Lamellar long period vs. temperature. (• : PLLA209-PEO455-
PLLA209, A: PLLA/PEO blend (<z)plla=0.57)) 29
2.8. X-ray diffraction patterns of a shear aligned triblock copolymer
(PLLA209-PEO455-PLLA209) measured at 20 °C and 80 °C. ; (a)
small angle, (b) wide angle 31
2.9. Azimuthal analysis of wide angle diffraction patterns (in Figure 2.8b)
of a shear aligned triblock copolymer (PLLA209-PEO455-
PLLA209) measured at 20 °C (—) and 80 °C (— ) 32
3.L Structures of multifunctional linear homopolymers and crosslinking
molecules 41
3.2. (a)-(e) Variable temperature 'H NMR spectra of 1 (1 wt %) and
PMDETA in DMF-dj. (f) 'H NMR spectrum of 1 (1 wt %) in
DMF-dj. ((a)^(c) : heating, (c)->(e) : cooling, (f) r.t.) 43
3.3. Change of hydrodynamic radius and its distribution of 1 (0.43 wt %)
crosslinked with PMDETA in DMF during the 1^' heating-
cooling cycle 44
XV
3.4. SFM images (height contrast, inset of (a): 3-D profile) of 1
crosslinked with PMDETA. The samples were prepared from a
solution treated with a heating-cooling process. Initial
concentration of 1 in DMF (wt %): (a) 1 .0, (b) 0.85, (c) 0.43, and
(d) 0.21. (e) Average aggregate diameter vs. polymer
concentration 46
3.5. (a) TEM micrograph and (b) cross section of SFM height contrast
image of 1 crosslinked with PMDETA. The samples were
prepared from a solution treated with a heating-cooling process.
Initial concentration of 1 in DMF (wt %): (a) 1.0 and (b) 0.85,
respectively 47
3.6. (a)-(e) Variable temperature 'H NMR spectra of 2 (1 .0 wt %) and
PMDETA in DMF-dj. (f) 'H NMR spectrum of 2 (1.0 wt %) in
DMF-di. ((a)—>(c) : heating, (c)—>(e) : cooling, (f) r.t., * : peak
from absorbed water) 49
3.7. SFM images (left: height contrast, right: phase contrast) of 2 (0.43 wt
%) crosslinked with PMDETA 50
3.8. Slow solvent-evaporation process ofDMF solutions containing (a) 1
or (b) 2 (0.43 wt %) crosslinked with PMDETA (left of each: on
silicon substrate, right of each: on glass slide) 51
3.9. XPS spectra of the samples obtained after slow solvent-evaporation
ofDMF solutions containing (a) 1 (inset: C Is core-level
spectrum) or (b) 2 crosshnked with PMDETA 53
3.10. Wide angle X-ray scattering patterns of samples dried from DMF
solutions, (a) 1 or (b) 2 (0.43 wt %) crosslinked with PMDETA,
(c) 1 itself. (The background scattering from Kapton'** window
was subtracted) 55
3.1 1. Schematic of the structural development of a hierarchical globular
aggregate from 1 and PMDETA 57
4.1. Schematic of the fabrication of a thin film composite of block
copolymer / bionanoparticle 65
4.2. (a) SFM (left: height, right: phase) and (b) TEM images of a PS-^-
PEO film after adsorbing ferritins, (adsorption was done for 10
min using Img/ml ferritin solution) 67
xvi
4.3. TEM micrographs (a-c) and height contrast SFM images (d-f) of
ferritin/PS-/)-PEO composite (ferritin adsorption was done using
Img/ml solution in pH=7.5 buffer). Samples were annealed for
48hr under benzene vapor at different humidity conditions;
(a)&(d) the low, (b)&(e) the intermediate, (c)&(f) the high
humidity conditions 69
4.4. PS-Z7-P4VPQ annealed with benzene vapor under the high humidity
condition, (a) SFM height image of a thin film, (b) Transmission
SAXS profile of a bulk sample 71
4.5. SFM height images of ferritin/PS-Z)-P4VPQ composites with
differing ferritin loadings. Ferritin adsorption was done using (a)
0.005mg/ml, (b) O.Olmg/ml, (c) 0.02mg/ml, and (d) 0.03mg/ml
ferritin solutions, respectively. Samples were annealed for IShr
under benzene vapor at the high humidity condition 73
4.6. TEM micrographs of ferritin/PS-/)-P4VPQ composites with different
ferritin loading amounts; (a) low loading (ferritin adsorption was
done using 0.002mg/ml solution) and (b) high loading (using
0.03mg/ml solution) 74
4.7. SFM height images of highly loaded ferritin/PS-Z)-P4VPQ
composites annealed for different time lengths; (a) before
annealing, (b) 6hr, (c) I2hr, and (d) 24hr. (e) grain sizes vs.
annealing time. Filled circles in (e) represent the area weighted
averaged grain size and the error bars show the range of the grain
sizes (from the smallest grain to the largest grain) 76
4.8. SFM images of a highly loaded ferritin/PS-^-P4VPQ composite
annealed for 72hr. (a) a phase contrast, (b) a height contrast, and
(c) a cross section of the height image along the dotted line 77
4.9. TEM micrograph of a highly loaded ferritin/PS-Z)-P4VPQ composite
coordinated with gold ions 78
4. 1 0. Bottom side SFM images of a highly loaded ferritin/PS-/)-P4VPQ
composite; (a) a height contrast, (b) a phase contrast 79
4.11. Film structure model of a highly loaded ferritin/PS-Z)-P4VPQ
composite 79
xvii
4.12. SFM height images ofTMVs adsorbed on a PS-/j-P4VPQ film. TMV
adsorption was done using solutions (0.3mg/ml TMV) with
different pH values; (a) pH 6.0, (b) pH 7.5, (c) pH 9.0, and (d) pH
10.0 81
4.13. TEM micrograph ofTMV/PS-/)-P4VPQ composite negatively
stained with uranyl acetate. TMV adsorption was done using a
0.3mg/ml solution with pH 10 82
4. 14. TEM micrograph of a TMV/PS-/)-P4VPQ composite coordinated
with gold ions. TMV adsorption was done using a 0.3mg/ml
solution with pH 10 83
A.l. SFM height images of PS-/)-P4VPQ/ferritin composites annealed
using different solvent vapors. Solvents added to the 250ml
annealing chamber; (a) benzene/water (fil/^l)= 150/50, (b)
toluene/water= 150/50, (c) benzene=150, and (d) water=100. Z-
scales; (a) & (b) 25nm, (c) lOnm, and (d) 30nm 91
A.2. XPS spectra of PS-Z>-P4VPQ films; (a) as cast film, (b) a film that
was immersed in buffer solution, rinsed with DI water, and
annealed with benzene vapor under the high humidity condition 92
A.3. TEM micrograph of PS-ft-PEO (Mn=25.3k, wps=0.75, PDI=1 .04)
/ferritin composites prepared using the ferritin Img/ml solution in
the pH=10 buffer. Samples were annealed for 48h with benzene
vapor at the high humidity condition 94
A.4. TEM micrographs of PS-/)-PEO (Mn=35k, m'ps=0.71, PDI=1.05)
/ferritin composites prepared using the ferritin Img/ml solution in
the pH=10 buffer. Samples were annealed for 48h with benzene
vapor at the high humidity condition 95
XVlll
CHAPTER 1
INTRODUCTION
1.1 Structural Hierarchy
Structural hierarchy can be found in various natural and man-made materials.
Such materials contain multiple levels of structural elements spanning several length
scales.' Through hierarchical structures, materials can achieve improved strength and
toughness simultaneously, or unusual physical properties such as a negative Poisson's
ratio." When applied to architectural objects, hierarchical construction enables us to
obtain desired strength with less material.
In nature, structural hierarchy can be found in both inorganic and organic
materials. Inorganic crystalline materials have a hierarchy of structural features such as
grain boundaries between crystals, dislocations, and point defects such as vacancies.
These structural features give rise to viscoelastic behavior manifested as attenuation of
stress waves or damping of vibration at different frequencies.'
Biological materials exhibit a richness of hierarchical structures. Proteins have
four hierarchical levels of organization (Figure 1.1). The unbranched polypeptide chains
are able to form secondary and tertiary structures via non-covalent interactions between
regions in the linear sequence of amino acids." Through this hierarchical construction,
incredible arrays of diverse functions are enabled from only 20 different amino acids.
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(a)
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Figure 1.1: Four levels of structure in hemagglutinin, whose three identical subunits are
composed of two chains, HAl and HA2. (a) Primary structure is illustrated by the
amino acid sequence of residues 68 -195 of HAl. Secondary structure is represented
diagrammatically beneath the sequence (cylinders: a helices, arrows: P strands, white
strands: random coils), (b) Tertiary structure, (c) The quaternary structure comprises the
three subunits of HA. (adopted from reference 2)
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In a similar fashion, proteins themselves are part of a hierarchy of cellular
structures." Proteins can associate into larger structures termed macromolecular
assemblies, including particles and actin filaments. Macromolecular assemblies in turn
combine with other biopolymers to form complex organelles and organs. Bio-composite
systems, like bone, teeth, and collagenous connective tissue, are examples of such
hierarchically ordered structures. To accommodate a complex spectrum of property
requirements, nature generates these architectures by combining elements over many
length scales or levels and connecting them with highly specific interactions (Figure
1.2).^
I
1 1 1
1 nm 1 00 nm 1 ^rni 1 0 nm 200 urn
Size scale
Figure 1.2: Hierarchical structure in human compact bone. Fibrous, laminar, particulate
and porous structure is present at different size scales, (adopted from reference 3 )
3
1.2 Hierarchical Structures in Synthetic Polymer Systems
Structural hierarchy can also be found in man-made polymeric materials.
Spherulites of semicrystalline polymers are a classical example of polymeric
hierarchical structures. Combining several molecular interactions (such as hydrophobic
and hydrophilic effects, hydrogen bonding, coulombic interactions, and van der Waals
forces) or physical phenomena (e.g. phase separation, microphase separation, liquid
crystallinity, crystallization, adsorption, vitrification, and various conformational
transitions) is one design strategy to obtain structural order over many length scales."*
Microphase separated block copolymers are a good platform to realize such a
strategy and have provided enormous opportunities for the construction of
hierarchically ordered structures. By covalently linking dissimilar polymer chains in a
block copolymer, the immiscibility of the blocks results in a microphase separation
(typically 10-100 nm) of the components, where the volume fractions and molecular
weights of each block dictate the type and size of the microdomains.^ When one of the
components is a semicrystalline material and its crystallization temperature is lower
than the glass transition temperature of the amorphous block and the order-disorder
transition temperature, crystallization occurs in a confined geometry and results in a
structural hierarchy.^"^ The combination with liquid crystallinity gives more flexibility
for the design of the systems and various block copolymer architectures have been
fabricated by integrating liquid crystalline (LC) moieties (mesogens) as a main chain^"'°
or as side chains.""''' The self-assembly of these system can be driven through the LC
transition or through microphase separation, depending on the relative energetics. When
the LC moiety is relatively small or has large mobility, self-assembly of LC-coil block
4
copolymers can be initiated by microphase separation." "' On the other hand, when the
molar mass of LC block is comparably large and comprises the main chain, the LC
Q
transition drives the self-assembly. Stupp and coworkers reported the formation of a
mushroom-like structure from rod-coil triblock copolymers.''* Its noncentrosymmetric
organization was presumably due to the nature of the supramolecular units preformed in
the solution. In this example, both microphase separation of the two coil blocks and the
crystallization of the rod component played important roles in the selection of the
unusual shape of the aggregate.
The mtegration of supramolecular chemistry, which uses non-covalent
interactions to induce a molecular organization,'^ with a block copolymer system
provides more versatility for the design of hierarchical structures. As an example,
Ikkala, ten Brinke, and coworkers prepared comb-shaped block copolymer architectures
by attaching small molecular amphiphiles to one block through hydrogen bonding. With
the resultant hierarchical structure, they showed the possibility of controlling
hierarchical phase transitions.'^
The cooperative self-assembly of block copolymers and preformed inorganic
nanoparticles has been proposed as another way to construct hierarchical structures. For
17 18
the last several years, this concept has been explored both theoretically ' and
experimentally'^""' and demonstrated as a promising way to fabricate hierarchical
structures having novel properties. Figure 1.3 shows one of the examples where the
self-assembly of nanoparticles in block copolymer microdomains were dictated by their
19
sizes.
5
Figure 1.3: Bright field electron micrograph of a ternary blend of poly(styrene-Z?-
ethylene propylene)/gold nanoparticle/silica nanoparticle. (adopted from reference 19 )
Above mentioned examples are based on the "bottom-up" approach using self-
assembly of components. The combination of a conventional "top-down" process, like
lithograpy, with a "bottom-up" methodology has shown potential for the fabrication of
hierarchical structures. When a block copolymer self-assembled and microphase
separated on a prepattemed substrate, long-range order of nanometer scale features was
realized."^ '^'* The combination of photolithography and the block copolymer microphase
separation is another example.^^
U '.(1.41 L. D ] DO iw 0 1 Ofl !>•
Figure 1.4: Hierarchical structures fabricated through the combination of top-down /
bottom-up methodologies, (a) SFM phase image of poly(styrene-/)-ethylene oxide) spin-
coated onto a surface containing lithographically etched 0.875)j,m wide, 0.325|im deep
channels, (adopted from reference 24) (b) SFM height images obtained from thin films
of poly(a-methylstyrene-Zj-4-hydroxystyrene) on a silicon wafer after removal of
poly(a-methylstyrene) from photopattemed polymer matrix, (i) 2 and 1.5 )nm lines and
dots shown, (ii) A magnification of a 2 jim line, (iii) A further magnification of the line,
(adopted from reference 25)
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1.3 Outline
Structural order over many length scales can be created in self-organizing
materials through the combination of multiple molecular interactions and transitions."^
Previous researches successfully showed various ways to construct polymeric
hierarchical structures based on this strategy. However, the use of hierarchical ordering
for the fabrication of novel functional materials has only just begun. Here, we
investigated three different approaches.
In the first, A-B-A triblock copolymers, in which both components are
semicrystalline, were investigated and are discussed in Chapter 2. When the
semicrystalline polymers have distinctly different crystallization temperatures and do
not co-crystallize, they will sequentially crystallize. Since they are linked through a
covalent bond, the mobility of the second block is limited and the crystallization is
influenced by the crystals formed initially. Also, the organization of the second block
could be effected by the second block that crystallized initially. This combination of
sequential crystallization and covalent link could be one way to control the hierarchical
organization of crystalline polymers. The influence of the connectivity on
crystallization is compared to that for the corresponding homopolymer blend.
In a second approach, the generation of three-dimensional constructs from linear
protein chains may provide a good starting point for designing a system that can
generate a hierarchical structure. In addition to non-covalent interactions, the regulation
of microenvironments using twenty different amino acid side groups is one of the key
elements for the well-controlled organization of natural linear macromolecules. When a
linear polymer has two different pendant groups on each repeat unit, one of the
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pendants could be used to control the microenvironment of chains, while the remaining
one might participate in non-covalent interactions with other molecules. In Chapter 3,
the association behavior of this kind of linear polymer chain in the presence of multi-
functional small molecules is discussed.
A third strategy is to combine different self-assembling systems to induce a
structural hierarchy. As mentioned earlier, the combined self-assembly of block
copolymers and inorganic nanoparticles has been shown to be a promising way to
obtain hierarchical structures. In addition to inorganic nanoparticles, biologically
produced nanoparticles are also interesting building blocks. Bionanoparticles are
monodisperse in size and their structure and properties are identical from one particle to
the next. In addition, biomolecules exhibit some truly stunning examples of self-
assembly, like rings, lines, or 2-D crystalline arrays.' So, by combining two systems
that self-assemble, synergistic interactions may, in fact, lead to novel hierarchical
structures. In Chapter 4, the combined assembly of these disparate systems is discussed.
Finally, Chapter 5 discusses possible further research opportunities we may have
using these approaches and the resultant hierarchical structures.
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CHAPTER 2
SEMICRYSTALLINE A-B-A TRIBLOCK COPOLYMER
2.1 Introduction
By covalently linking dissimilar polymer chains in a block copolymer, the
immiscibility of the blocks results in a microphase separation of the components, where
the volume fractions and molecular weights of each block dictate the type and size of
the microdomains.' In cases where one of the blocks can crystallize, the combination of
the microphase separation between the consisting blocks and the crystallization of the
semicrystalline component can provide an opportunity to generate a structural
hierarchy, because both events occur at different size scales." The ultimate morphology
formed with a crystalline-amorphous block copolymer depends on the relative location
of the order-disorder transition temperature (Todt), the glass transition temperature (Tg)
of the amorphous block, and the crystallization temperature (Tc) of the semicrystalline
block.^ If Todt > Tg > then the crystallization occurs within the confines of the
microdomains bounded by the second glassy component. If Tqdt > Tc > Tg,
crystallization occurs within the microdomains but the second component is above its
Tg, i.e. rubbery, then the crystals can protrude into the rubbery domain. If Todt < Tc>
Tg, then crystallization takes place in the phase mixed state, and microphase separation
is driven by crystallizafion which leads to a lamellar morphology regardless of the
composition. In both the hard confinement (Todt > Tg> Tcf and soft confinement (Todt
> Tc > T'g)'*'^ cases, the orientadon of the crystals, with respect to the microphase
interface, has been investigated. However, studies on the chain organization in
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crystalline-crystalline block copolymer systems have been discussed to a much lesser
extent. Misra et al.^ and Albueme et al} reported that crystals of the faster crystallizing
block functioned as nucleation sites for the second block. Lee et al. investigated the
chain length effect of one block on the crystallization of the other, using poly(L-lactic
acid)-poly(ethylene oxide) multiblock copolymers. Although some groups have begun
to study crystalline-crystalline block copolymers, ' " the morphological understanding
of such materials is still in its nascent stage.
In this chapter, poly(L-lactic acid-^-ethylene oxide-Z)-L-lactic acid) (PLLA-ft-
PEO-Z)-PLLA) triblock copolymers were investigated. PLLA is a biodegradable
polymer, whereas PEO is biocompatible. As such, these materials represent interesting
candidates for environmentally friendly packaging materials'^ and biomedical
appHcations.''' Therefore, this triblock copolymer, where both materials are combined,
could find interesting applications and the understanding of this system would be
important to utilize this system better. PEO and PLLA are reported to be miscible in the
melt'^ and PEO does not co-crystallize with PLA.'^ In addition, the difference between
the melting temperatures of PLLA (145 ~ 186 °C)'^ and PEO (66 °C)'^ enables an
investigation of the sequential crystallization of the components. In this chapter, the
structure and the chain organization of this triblock copolymer system have been
studied. To this end, the morphology was investigated as a function of temperature
using polarized optical microscopy, differential scanning calorimetry, and wide and
small angle x-ray scattering. In addition, homopolymer mixtures of PEO and PLLA
were examined for comparison.
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2.2 Experimental
2.2.1 Materials
PLLA-/)-PEO-/j-PLLA triblock copolymers were synthesized by a ring-opening
polymerization.'** L-lactide (Aldrich) was purified by recrystallization in dry ethyl
acetate and sublimed prior to polymerization. The a, ft>-dihydroxy polyethylene glycol
(PEG) macroinitiators with molecular weights of 12k, 35k (Alfa Aesar), and 20k
(Avocado) were dried at room temperature under vacuum prior to polymerization.
Stannous (11) 2-ethyl hexanoate (Alfa Aesar) was used without further purification.
Bulk polymerization was performed to synthesize triblock copolymers. In a typical
polymerization, PEG was introduced into a dried polymerization tube. The tube was
purged with nitrogen, and placed in an oil bath at 150±1 °C. Stannous (II) 2-ethyl
hexanoate was introduced under nitrogen to the molten PEG and stirred for 10 min,
followed by the addition of L-lactide to the macroinitiator/catalyst melt. The
polymerization was carried out for 24 h with stirring, after which it was quenched by
methanol. The product was dissolved in tetrahydrofuran and precipitated in n-hexane.
The process of dissolution/reprecipitation was carried out three more times. The
triblock copolymer was dried under vacuum at room temperature for 2 days.
The molecular weights and compositions of the triblock copolymers were
determined by 'H NMR (Bruker, DPX300, 300 MHz spectrometer, t/-chloroform).
Molecular weights and polydispersities were measured against polystyrene standards
using size exclusion chromatography (Waters 600, equipped with Waters 410
differential refractometer. Waters 717 pluse Autosampler, and three PLgel columns, 5
mm MIXED-D). Chloroform was used as the eluting solvent at a rate of 1.0 ml/min and
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measurements were performed at room temperature. The characteristics of the triblock
copolymers used in this study are summarized in Table 2.1. The volume fractions were
calculated using the amorphous densities of 1.123 g/cm^ for PEO'^ and 1.248 g/cm^ for
PLLA.'^
Homopolymers used for the preparation of blends were purchased from
commercial sources, PEO (A/w=39000 g/mol, PDI=1.07, Polymer Laboratory) and
PLLA (A/w=22200 g/mol, PDI=1.30, Polymer Source). They were used without further
purification. The blends were cast from 5% (wt/vol) chloroform solutions. After
evaporating the solvent at ambient conditions, the remaining solvent was removed
under vacuum at 170 °C for 30 minutes.
Table 2.1: Characteristics of employed triblock copolymers
Samples PDr <^LLA
PLLA33-PEO795-PLLA33*" 39800 1.09 0.11
PLLA209-PEO455-PLLA209 50100 1.17 0.57
PLLA
,
36-PEO273-PLLA, 36 31600 1.20 0.59
PLLA269-PEO273-PLLA269 50800 1.12 0.74
* Value determined from 'H NMR integration between the methine proton ofPLLA
and the methylene protons of PEO.
** Value measured from SEC.
*** Subscript numbers represent the degree of polymerization.
2.2.2 Characterization
For the optical studies, polymers were melt-pressed between two optical
microscope cover slips (150 |im thick). Samples were heated to 190 °C and held at that
temperature for 3 minutes to erase any thermal history. They were then slowly cooled (-
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2 °C/min) to room temperature. The final thickness of the polymer film was in the range
of 10 to 20 \xm. The optical properties of the samples were measured using a polarized
optical microscope (Olympus BX-60) under cross polar conditions. The temperature of
the sample was controlled with a hot stage (Mettler FP82). The sign of the birefringence
was determined using a first order red plate (/l=530 nm) and the magnitude of optical
retardation was measured using a Berek compensator (U-CBE). The compensator was
inserted between the sample and the analyzer at the angle of 45° relative to both
polarizer and analyzer.
The thermal behavior of a melt crystallized sample was investigated by
differential scanning calorimetry (DSX 2910 of DuPont Instrument) under a nitrogen
gas flow (50 cc/min). The heating rate was set at 10 °C/min. The samples for DSC
experiments were prepared using hermetically sealed aluminum pans and thermally
treated as described above. The melting enthalpies (A//f) obtained fi^om the
thermograms were used to calculate the crystallinities of the components based on the
reported heats of fusion (A//f°) of 197 J/g for PEO and 94 J/g for PLLA.-°
Small angle and wide angle X-ray diffraction studies were performed using an
instrument from the Molecular Metrology Inc., equipped with a focusing multilayer
monochromator (Osmic MaxFlux) with A=\.54 A. The beam was collimated with three
pinholes. For the small angle detection, a 2-D multiwire detector (sample to detector
distance of 1.5 m) was used. To record the wide angle profiles, an image plate with a
hole in the center was inserted into the beam path. The sample was pressed between
Kapton* films (50 f^m thick) and thermally treated as described above. Samples were
heated to 190 °C for 10 minutes, and then cooled to room temperature at the rate of -2
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°C/min. For the wide angle diffraction studies, the scattering peak of Kapton at
q^4Ksm9/A=0A\ A"' was used as an internal standard. The Kapton® peak was
calibrated with CaC03 (-a^i i i=3.035A). Silver behenate (6/ooi=58.38A) was used for
angular calibration of the SAXS measurements.
To investigate the chain orientations, shear aligned samples were prepared.
Samples were aligned in a shearing hot stage (CSS 450 Linkam Scientific Instruments).
A disk shaped sample of the triblock copolymer (^lla=0.57) was held between
concentric disks and heated to 180 °C. The gap distance was set at 500 |im and a shear
(shear rate = 30 s"') was applied. After 5 minutes, the samples were cooled at the rate of
-30 °C/min to 120 °C and held at 120 °C for 4 minutes. Shear was continuously applied
to align the crystalline lamellae of PLLA. Subsequently, the samples were cooled (-30
°C/min) to 50 °C, removed from the hot stage, and then quenched in liquid nitrogen to
preserve the PLLA lamellae orientation. Subsequently, the samples were heated to 80
°C (above the melting temperature of PEO) and then slowly cooled (-2 °C/min) to room
temperature. .
2.3 Optical Properties '
Figure 2.1 shows optical micrographs taken with identical exposure times but at
different temperatures (140 °C, 80 °C, and 25 °C) during cooling. In the melt (190 °C ~
130 °C), no birefringence was observed for both the triblock copolymers (Figure 2.1a)
and homopolymer blends (Figure 2.1b). If the block copolymers were microphase
separated, a form birefringence would be expected. Consequently, the microscopy
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results indicated that the copolymer was phase mixed at these temperatures. This result
agreed well with the reported miscibility of PLLA and PEO in the amorphous state.
Figure 2.1: Polarized optical micrographs taken at 140 °C, 80 °C, and 25 °C during a
cooling (-2 °C/min) process. ; (a) PLLA209-PEO455-PLLA209 and (b) PLLA/PEO blend
(<z^LLA=0.57). A first order red plate (A=530 nm) was inserted in the light path, (c)
Michel-Levy interference color chart (Adopted from 'http://www.microscopyu.com/'),
(d) Schematic of optical axes in a spherulite.
(The first order red plate moves the extinction color to magenta. When the slow
direction (an optical axis with larger refractive index) of a sample matches with that of
the first order plate (y), their birefringences add up and the resultant birefringence color
shifts to right, i.e. blue direction. When they are perpendicular, the resultant
birefringence color moves to left along the chart due to the subtraction of
birefi*ingences.)
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Near 125 °C, the nucleation and growth of spheruHtes were seen over the entire
composition and molecular weight ranges studied. Both the triblock copolymers and
blends produced banded spherulites. Nojima et alr^ noted two requirements to produce
banded spherulites: (1) the thermodynamic compatibility of the components " and (2)
specific interactions between the components. Consequently, the observation of banding
indicated the inclusion of PEO chains within the inter-lamellae regions while PLLA
crystallizes and the presence of specific interactions between the PEO chains and
surface of the PLLA crystals.
After the spherulites impinged on one another, the optical micrograph did not
change upon further cooling until ~35 °C, when the image under crossed polars
substantially brightened. This intensification of the image brightness corresponds to the
crystallization of PEO. Since the intensity increased, the birefringence of the PLLA and
PEO crystals must be additive. Furthermore, the sign of the spherulites (negative; rir
(refractive index along the radial direction) < «t (refractive index along the tangential
direction)), determined with a first order red plate, was conserved during this process.
The spherulites of PLLA and PEO homopolymers also had the same sign of
birefringence as the triblock copolymer had (Figure 2.2). Remarkably, during the
sequential crystallization of PEO within the framework of the existing PLLA spherulite,
the retardation colors, positions of extinction and widths of the bands remained
constant. Only the brightness of the field increased. Even more surprising is that a
similar behavior was found for the mixtures of PLLA and PEO homopolymers.
Recalling that, in the triblock copolymer, PEO crystallizes under the constraint of
having both ends of the PEO anchored to the existing PLLA crystals, the similarity of
19
results for the blend and block copolymers is unexpected. It implies that the
crystallization of the PEO is strongly templated by the existing crystalline lamellae of
PLLA. Upon heating at 2 °C/min, the reverse transitions of sequential melting were
observed but at temperatures slightly higher than those seen on cooling. This hysteresis
is not unusual with semicrystalline polymers.
Figure 2.2: Polarized optical micrographs of homopolymer spherulites.; (a) PLLA and
(b) PEO. A first order red plate (/l=530 nm) was inserted in the light path.
The magnitude of birefringence, or more precisely, the optical retardation (R)
was measured at room temperature and 80 °C. To eliminate thickness effect, the ratio of
the retardation at room temperature (RT) to that at 80 °C (Rrj/Rso °c) was determined
and compared. The results are summarized in Table 2.2, and, as could be expected, this
ratio increased as the PEO composition increased. Comparing the triblock copolymer
and homopolymer blends, the triblocks showed a larger change in the optical retardation
than the homopolymer mixtures.
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Table 2.2: Optical retardation rate (room temperature to 80°C) of employed materials
Samples ^LLA
PLLA33-PEO795-PLLA33 0.11 9.478±0.195
PLLA209-PEO455-PLLA209 0.57 1.351±0.023
PLLAi36-PE0273-PLLA,36 0.59 1.346±0.022
PLLA269-PE0273-PLLA269 0.74 1.143±0.038
PLLA / PEO blend I 0.37 2.049±0.038
PLLA / PEO blend 11 0.57 1.270±0.029
* Optical retardation (R) was measured 5 times at each temperature. Errors represent
standard deviation.
Ignoring the form birefringence, the total birefringence, A, is given by
^ = Z(t>,f,^, (1)
where A, is the intrinsic birefringence of component / with a volume fraction (/), and
orientation function For the PLLA-/)-PEO-Z?-PLLA triblock copolymer, where PEO
and PLLA have crystalline and amorphous components, A is given by
+ A,PEofc.PEO Ar.PfO + (f>a.PEO fa.PEO ^"-PEO (2)
where c and a denote the crystalline and amorphous components, respectively, ^c.plla
and (pc.pEO can be determined calorimetrically and + ^a.; = (pi- Since intrinsic
birefringences do not change with crystallization and /,,y=0 (assuming the amorphous
components are randomly oriented), the enhancement in the intensity must be
associated with changes in and/or/,/.. Similarly, differences observed between the
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homopolymer mixtures and block copolymers must be associated with differences in (pc.i
and fc,i of the PEO and PLLA due to the covalent coupling of the two chains.
2.4 Thermal Behavior
The DSC thermograms of a triblock copolymer and homopolymer blend with
comparable compositions (<z^lla=0.57) are shown in Figure 2.3. The triblock copolymer
shows a PEO melting peak at ~55 °C and PLLA melting at -160 °C. The lower
temperature shoulder of the PLLA melting peak of the triblock can be attributed to a
melting/recrystallization or lamellar reorganization.'^ The blend system showed similar
thermal behavior as that of the block copolymer, though the melting peaks were located
at higher temperatures and the peak widths were narrower than the corresponding peaks
of the triblock copolymer. The crystallinity of each component {Xc,,) was calculated
using the corresponding melting enthalpy (A//f,,) obtained from the thermograms and
the weight fraction (u',),
A//.
,
^.,--777^^ (3)
>v,A//^,
As shown in Table 2.3, the triblock copolymer had a lower crystallinity for each
component, particularly for PLLA, than the homopolymer blends. Chain connectivity
and the reduction of chain mobility in the triblock copolymer can easily cause the
observed decrease in Xcj.
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Figure 2.3: DSC thermograms obtained with a heating rate of 10 °C/min ; (a) PLLA209-
PEO455-PLLA209 and (b) PLLA/PEO blend (<z^lla=0.57). Samples were crystallized by
slowly cooling (-2 °C/min) before running DSC.
Table 2.3: Crystallinity (Xc,i) of a triblock copolymer and a homopolymer blend
triblock copolymer homopolymer blend
PLLA PEO PLLA PEO
0.57 0.43 0.57 0.43
0.6 0.4 0.6 0.4
m, (J/g)* 28.4 44.4 39.7 53.0
A//f/(J/g)** 94 197 94 197
0.50 0.56 0.70 0.67
* from DSC
** from reference 15.
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2.5 X-ray Studies and Chain Orientations
Wide angle X-ray diffraction (WAXD) at 20 °C and 80 °C was used to obtain
information about the crystalline structure of PLLA and PEO. The diffraction profiles
consisted of isotropic rings and that were circularly averaged to improve the signal to
noise ratio. The resultant diffraction patterns are shown in Figure 2.4. The peak
positions agreed well with the reported unit cell parameters for PEO (monoclinic,
a=8.05 A, b=13.04 A, c=19.84 A, /h\25A°f^ and PLLA (orthorhombic, a=10.6 A,
b==6.1 A, c=28.8 A).~"^ From these unit cell parameters, the crystalline densities of PEO
and PLLA were calculated as 1.23 g/cm^ and 1.29 g/cm\ respectively. The most intense
peak located at q~1.19 A"', corresponding to the (1 10) and (200) reflections of PLLA,^^
was observed at both 20 °C and 80 °C. The intensity of the reflection at q~1.36 A"',
corresponding to the (120) reflection of PEO"" and the calculated values of the (203) and
(113) crystal planes of PLLA, decreased as the temperature increased from 20 °C to 80
°C. The broad peak located at q~l .65 A"', reported to be an overlap of (032) (132) and
(212) reflections of PEO,' was observed only in the 20 °C data. Thus, the melting of
PEO at 80 °C was confirmed with the diffraction data. It should be noted that the
positions of the crystal reflections did not change with temperature. This result
indicated that the confinement of PEO chains between the crystalline lamellae of PLLA
caused no significant distortions of the crystal structures of PLLA and PEO.
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Figure 2.4: Wide angle X-ray diffraction patterns of PLLA209-PEO455-PLLA209 triblock
copolymer (a and b) and PLLA/PEO blend (c and d) (<zVlla=0.57) measured at 20 °C (b
and d) and 80 °C (a and c). (* : a peak from Kapton", ^=0.41 A"').
The lamellar long period was determined as a function of temperature by in situ
small angle x-ray scattering (SAXS). Scattering profiles of the triblock copolymers and
the homopolymer mixtures (^lla=0.57) were obtained at 20 °C intervals from 20 °C to
1 80 °C, allowing 1 h between scans to let the systems reach thermal equilibrium. SAXS
results for the triblock copolymer and mixture are shown in Figure 2.5 and Figure 2.6,
respectively. SAXS patterns taken at 230 °C for the triblock copolymer and at 210 °C
for the homopolymer blend were used as the background scattering (/ref). From these
data, the lamellar long periods were obtained (Figure 2.7) after performing the Lorentz
correction for lamellae, ^"(/-/rcf). Between 40 °C and 80 °C, there was a sharp increase
25
in the long period for both the triblock copolymer and the blend. As shown in Figure
2.3, this coincides with the melting of the PEO crystals. At 80 °C, the long period of the
triblock copolymer and homopolymer mixture increased by -33% and -18%,
respectively. Since the density of amorphous PEO is -1.123 g/cm^,'^ the volume change
accompanying the melting of PEO crystal is expected to be -9%. This is much less than
the observed long period changes, even if, in the extreme case, the volume expansion
resulting from the PEO crystal melting was restricted to being normal to the surface of
the PLLA lamellar and confined to the inter-lamellae regions. If we take thermal
expansion into account, the amorphous density of PEO at 80 °C can be estimated as
1.08 g/cmr'?^ Thus, the volume of PEO increases by -14% upon melting, which agrees
with the change observed in the long period of the blend, but is still smaller than that for
the triblock copolymer. Based on the crystallinity obtained from the thermograms
(Table 2.3), the volume fractions of amorphous phases in the triblock copolymer and
the homopolymer blend at 20 °C were calculated to be 49% and 32%, respectively. This
difference corresponds well with the larger change of the long period in the triblock
copolymer than in the blend.
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Figure 2.5: Small angle X-ray scattering patterns of PLLA209-PEO455-PLLA209
(<z>PLLA=0.57) as a function of temperature (from 20°C to 180°C, 20°C/step).
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Figure 2.6: Small angle X-ray scattering patterns of PLLA/PEO blend (^lla=0.57) as
a function of temperature (from 20°C to 180°C, 20°C/step).
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Figure 2.7: Lamellar long period vs. temperature. (• : PLLA209-PEO455-PLLA209, A
PLLA/PEO blend (<Z^lla=0.57))
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For the shear aligned sample, SAXS (Figure 2.8a) and WAXD (Figure 2.8b)
patterns were measured simultaneously. The X-ray beam direction was parallel to the
shear gradient direction. From the small angle scattering pattern, an alignment of the
crystalline lamellae in the shear direction was observed. Analysis of the azimuthal
dependence of the WAXD patterns was performed on three peaks ((7- 1.1 9 A ', 1.36 A ',
1.65 A ') and the results are plotted in Figure 2.9. Even on a qualitative level,
comparison of the SAXS and WAXD data shows that the orientation of the crystal
chain axes was much less than that of the lamellae. However, by comparison of these
data, in particular the azimuthal angle dependence of the PLLA (1 10) reflection (q~\.\9
A"' at 20 °C and 80 °C) and the PEO (120) reflection (^-1.36 A"' at 20 °C), it can be
concluded that the PLLA and PEO chain axes in the crystalline phase are both oriented
normal to the lamellar surface. This result is consistent with the optical birefringence
studies shown earlier.
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ll
Figure 2.8: X-ray diffraction patterns of a shear aligned triblock copolymer (PLLA209-
PEO455-PLLA209) measured at 20 °C and 80 °C.
;
(a) small angle, (b) wide angle.
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Figure 2.9: Azimuthal analysis of wide angle diffraction patterns (in Figure 2.8b) of a
shear aligned triblock copolymer (PLLA209-PEO455-PLLA209) measured at 20 °C (
—
)
and 80 °C (—).
32
From equation (2), it can be deduced that <f)cj and^./ give rise to the difference in
the optical behavior between the blend and the triblock copolymer. As summarized in
Table 2.3, the triblock copolymer showed a higher relative crystallinity (the ratio of the
crystalline volume fraction of PEO to that of PLLA). This explains the greater relative
retardation (Rrj/R^o x) of the triblock copolymer to some extent. However, the effect of
fci, cannot be ignored, since the anchoring of the PEO chains to the existing PLLA
crystals in the triblock copolymer must bias the orientation of the PEO crystals. The
relative orientation function of PLLA and PEO chains in the crystalline phase was
estimated as following. If we ignore the contribution of amorphous phases (/^,i=0) to the
birefringence and assume that the crystallinity of PLLA does not change between R.T.
and 80 °C, then the ratio of the optical retardations at room temperature (R.T.) and at 80
°C can be related to the orientation function of the chain.
^R.T. ^R T
I
_|_
Ac.PEO fc,
(Pc.PLLAfc.PLLA°^'-:PLLA
Rearranging, the ratio of the orientation function of the PEO and PLLA crystals can be
calculated from the following equation.
fcPEO Ac.PEO ,RoT (f>c
X = (—^^-l)x (5)
fc.PLLA Ac.PLLA ^^^C Ac.PEO
Using the data summarized in Table 2.2 and Table 2.3, this ratio was calculated to be
0.45 for the triblock copolymer (<z^lla=0.57) and 0.40 for the blend with the
comparable composition. Since the intrinsic birefringences of PEO and PLLA should be
the same for the triblock copolymer and for the blend, this result tells that the PEO
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crystals in the triblock copolymer have a better relative orientation to PLLA crystals
than those in the blend. Thus, the covalent attachment of the PEO to the PLLA crystals
in the copolymer must cause the c-axes of the PEO crystals to align more closely with
the c-axes of the PLLA crystals. This, in turn, would lead to a greater increase in the
transmitted light intensity, or brightness, under crossed polars for the triblock
copolymers.
2.6 Conclusion
The morphology of PLLA-/)-PEO-/)-PLLA triblock copolymers, comprised of
semicrystalline blocks, was investigated. When slowly cooled (-2 °C/min) from a
homogeneous melt, a sequential crystallization of PLLA and PEO occurs. During this
process the retardation of the components were additive and the sign of the spherulites
(negative, fir < rit) was conserved. A homopolymer blend with a comparable
composition to that of the triblock copolymer showed similar optical behavior, though
the change of optical retardation, resulting from the crystallization of PEO, was smaller
than the corresponding triblock copolymer. This difference was attributed to the higher
crystalline volume fraction ratio (^^r.pEo/^z^cPLLA) and the enhanced chain orientation of
the triblock copolymer. The long period change as a function of temperature was
measured by SAXS. As the temperature increased from 20 °C to 80 °C, the long period
increased by -33% for the triblock copolymer (^lla=0.57), while the blend system
(^LLA=0.57) showed -18% increase. Together these results indicated that the
preformed PLLA crystals influenced the subsequent crystallization of PEO chains in the
confined geometry, provided by the PLLA crystalline lamellae, and biased the
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orientation of PEO lamellae, in both the triblock copolymer and the homopolymer blend
systems. However, when the both ends of PEO chains were covalently attached to the
PLLA crystals in the triblock copolymer system, the chain anchoring caused an
enhancement in the relative orientation of the PLLA and PEO crystals.
'
' '
'
'
'
'
'
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CHAPTERS
CHAIN STRUCTURE EFFECT ON THE ASSOCIATION OF
MULTIFUNCTIONAL LINEAR POLYMER CHAINS
WITH TRIFUNCTIONAL MOLECULES
3.1 Introduction
The organization of linear biomacromolecules, especially proteins, into well-
defined three-dimensional (3-D) structures is one example of a hierarchically ordered
material. To assemble these linear chains into a 3-D structure, nature utilizes various
non-covalent interactions.' Despite the complexity, the assembly of proteins,
unbranched linear macromolecules made of a-amino acids (NH2CHRCOOH) having
twenty different side chains (R groups), occurs in a controlled maimer, since their
primary structure, i.e. the sequence of amino acid residues, contains the information
needed and directs the process."^ Such a versatile and precisely regulated self-assembly
of linear biomacromolecules has inspired the design of synthetic self-assembling
systems. '^"^ There have been numerous efforts to use specific interaction of non-covalent
bonding, such as hydrogen bonding,^'" ionic bonding, '"^ '"^ metal coordination,''* '^ or
solvophobic interactions,'^ to fabricate a wide variety of supramolecular structures from
synthetic molecules.
The assembly of synthetic multifunctional macromolecules in solution, in the
presence of complementary multifunctional molecules, was not an exception for this
exploration. Various block copolymer micelles'^"^° or vesicles^' have been prepared
using inter-polyelectrolyte complexes of block ionomers, i.e. neutral-ionic block
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copolymers. In these examples, due to the self-assembly of block copolymers and the
presence of neutral blocks, the extent of the crosslinking reaction was regulated and
discrete objects were obtained. This approach was also used to fabricate shell cross-
linked micelles by crosslinking preformed micelles of a cationic block ionomer with
anionic one."^" Pochan and coworkers showed that an amphiphilic triblock copolymer
having a negatively charged component can form toroidal micelles through the
interaction with a divalent organic counterion."" Yoshida and Kunugi reported a
nonamphiphilic diblock copolymer that assembled into micelles through a hydrogen
bonding with a bifunctional crosslinker.""* The micellization of poly(ethylene glycol)-
6/oc/:-poly(vinylpyridium) in the presence of divalent anion has also been reported. "^^'^^
Compared to block copolymers, the association of multifunctional homopolymers into
discrete objects in the presence of multiftmctional crosslinkers has been studied to a
1 1
"^1
much lesser extent, especially for stoichiometric complexes, partly because of the
difficulty in controlling the extent of complexation. Jiang and coworkers observed the
formation of hollow spheres by attaching difunctional rigid polyimide oligomers to a
flexible poly(4-vinyl pyridine) chains through hydrogen bonding." Though not a
homopolymer, a random copolymer having diaminopyridine groups has been reported
to form micron-sized giant vesicles"^^ or aggregates"*^ through the complementary
hydrogen bonding with a random copolymer containing thymines or bis-thymine
crosslinkers, respectively. In addition to the formation of discrete objects, the contol
over the size has also been of great interest in the fabrication of non-covalently
crosslinked polymeric aggreages. To this end, a few approaches, including the variation
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of polymer concentration ' or crosslinker structure,"^ have been attempted. However,
getting a narrow size distribution still remains a challenge.
Although previous research efforts showed that the use of non-covalent specific
interactions is an efficient stratege to fabricate discrete objects from multifunctional
linear polymers, the level of the control that nature shows is beyond our reach.
Considering that the regulation of side groups on a common peptide backbone is an
important factor, in addition to the use of non-covalent specific interacions, for the
controlled organization of proteins into hierarchical structures, the manipulation of side
groups on a polymer backbone would give a good opportunity to control the assembly
of multifunctional linear chains. Recently, Thayumanavan and coworkers reported a
new class of styrene-based linear homopolymers containing two different pendant
groups, i.e. a carboxylic acid and a neutral group, on every repeat unit, and their
assembly in solvents that were selective for one of the pendants."" "^^ This architecture,
where each repeat unit has a fianctional group that can participate in a non-covalent
bonding and a side group that can control the chain property simultaneously, could
provide a good opportunity to study the assembly of multifunctional linear chains. The
carboxylic acid moiety can function as a specific recognition site for complexing with
an amine group through an acid-base type of interaction and possibly subsequent
hydrogen bonding.^"* With the proper choice of the remaining pendant group, we can
regulate the microenvironment of the repeat unit and, thereby, influence the assembly of
the chains. In this chapter, the effects of neutral pendant groups on the structure,
stability, and reversibility of the aggregates brought about by the non-covalent
crosslinking with multifunctional small molecules have been investigated.
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3.2 Polymers in Solution States
Two different neutral pendants, i.e. an alkyl («-CioH2i-) group (polymer 1) and
hydrogen (for polymer 2) (Figure 3.1) were used in this study. As discussed
previously,^ '^^ solvent is important in determining the organization of these
homopolymers. To investigate the organization behavior of free chains by introducing
crosslinkers into a homogeneous solution of the polymers, an amide-type polar aprotic
solvent, DMF (A'^.jV-dimethylformamide), was used. The carboxylic acid pendant groups
and DMF have polar interactions. Although DMF is not a good solvent for long alkyl
chains, «-decane is soluble in DMF by up to 60 |iL in 1000 [iL of DMF. This
concentration of «-decane corresponds to the content of the alkyl group in a ~ 1 0 wt %
solution of polymer 1. All of the DMF solutions of 1 were colorless and optically
transparent for the concentrations <1.0 wt %. Dynamic light scattering (DLS) confirmed
the absence of aggregates of 1 in DMF. Furthermore, the 'H NMR spectrum of 1 (1.0
wt %) in DMF-dj at room temperature displayed all of the resonances corresponding to
the protons of the polymer (Figure 3.2f), indicating that DMF solubilizes all parts of the
polymer. Over the concentration range studied, DMF did not induce any discemable
micellization or flocculation of polymer 1 or 2.
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oFigure 3.1: Structures of multifunctional linear homopolymers and crosslinking
molecules.
3.3 Aggregates of the Polymer Chains Having Alkyl Pendants
3.3.1 Thermal Reversibility
For the crosslinking molecules, a trifiinctional aliphatic amine,
diethylenetriamine (DETA), and its A^-methyl-substituted derivative, N,N,N',N'N"-
pentamethyl-diethylenetriamine (PMDETA) were used. After the addition of a
stoichiometric amount of trifiinctional amine crosslinker, DETA or PMDETA, the clear
DMF solution of polymer 1 (1.0 wt %) turned turbid, indicating the formation of
aggregates. As the concentration of 1 decreased, the solution became translucent and
eventually transparent. After adding PMDETA, the 'H NMR spectrum (Figure 3.2a) of
1 (1.0 wt %) in DMF-d-i at room temperature did not show any observable resonances
except for the weak signals corresponding to the protons of the alkyl pendant group
(^=0.8-1.6). These results indicated that the bonding between the carboxylic acids and
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amines was strong enough to overcome the interactions with DMF and produce dense
aggregates of 1 and the crossHnking molecule. Upon heating, the turbid DMF solutions
became optically clear, suggesting a dissociation of aggregates. Conversely, the
aggregates prepared from 1 and DETA were not soluble in DMF even at 150 C. Since
PMDETA has the A^-methyl-substituted structure of DETA, this different behavior can
be understood by considering the effect of A'-methyl substitution on the bond strength of
the constituent amine-carboxylic acid complexes. Primary and secondary amines have
hydrogens that can participate in the formation of additional hydrogen bonds with
carboxylic acids to further strengthen the amine-acid interaction,^"^"*^ while tertiary
amines do not have such hydrogens. Also, in crowded systems, like the aggregates,
there is also a possibility of the formation of amide bonds between the primary or
secondary amines of DETA and carboxylic acids.
Upon cooling, the DMF solution containing 1 and PMDETA became turbid,
suggesting the regeneration of the aggregates. Variable temperature NMR spectra of the
aggregates consisting of 1 (1.0 wt %) and PMDETA in DMF-c/? are shown in Figure
3.2. As the temperature increased to 60 C, the 'H NMR signals from both 1 (at
^=3.6-6.4 and (5=0.8-1.8) and PMDETA (^=2.2-2.9) intensified and sharpened,
indicating a substantial increase of interactions between each component (1 and
PMDETA) and DMF, or a dissociation of the aggregates. When the solution was cooled
to room temperature, the 'H NMR signals were again suppressed confirming the
thermal reversibility of the polymer-amine interaction and the aggregate formation.
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Figure 3.2: (a)-(e) Variable temperature 'H NMR spectra of 1 (1 wt %) and PMDETA
in DMF-Jy. (f) 'H NMR spectrum of 1 (1 wt %) in DM¥-di. ((a)^(c) : heating, (c)^(e)
: cooling, (f) r.t.).
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Figure 3.3: Change of hydrodynamic radius and its distribution of 1 (0.43 wt %)
crosslinked with PMDETA in DMF during the heating-cooHng cycle.
DLS experiments also indicated that the supramolecular assembly of 1 and
PMDETA was thermally reversible in DMF (Figure 3.3). In the as-prepared solution of
1 (0.43 wt %) and PMDETA, the aggregates had a hydrodynamic radius (Rh) of 55 nm
o o
at 20 C. Upon heating to 60 C, the aggregates disappeared. When the solution was
cooled to 20 C, aggregates with of 52 nm were regenerated. It should be noted that
the size distribution (relative peak widths evaluated by CONTIN analysis: ±0.062) of
the aggregates formed after the heating-cooling cycle was much narrower than that
(±0.165) of the as-prepared aggregates. This result suggests that the addition of the
crosslinking molecules into the polymer solution causes a nucleation and growth of the
aggregates where nuclei form at different times. However, nucleation of the aggregates
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from a uniformly mixed solution of 1 and PMDETA, as it is cooled, occurs over a much
smaller time interval.
3.3.2 Size Control and the Shape of the Aggregates
Above result suggested a route for the preparation of globular aggregates with
controlled sizes and narrow size distribution from polymer 1 and PMDETA. Several
solutions of 1 with differing concentrations were prepared and stoichiometric amounts
of PMDETA were added. The mixtures were subjected to a heating-cooling cycle
before spin-coating on silicon substrates. As the initial concentration of 1 decreased
from 1.0 to 0.21 wt %, the average diameter (Da^) of the globular aggregates decreased
from 450 to 60 nm (Figure 3.4). This reduction in size with concentration could be
explained by a competition between intra- and inter-molecular crosslinking of the
polymer chains: when the concentration was low, an intra-molecular crosslinking was
favored and smaller aggregates were generated.
The aggregates exhibited a tendency to locally pack on a silicon substrate into
regular monolayer arrays (Figure 3.4c), suggesting the stability of the aggregates in
solution as well as in dried state. Transmission electom microscopy (TEM) of the
aggregates adsorbed on a carbon-coated copper grid (from 1.0 wt % solution of polymer
1 and PMDETA) also suggests that the aggregates are discrete globular objects (Figure
3.5a). The TEM micrograph showed a maximum contrast in the middle of the objects,
indicating that the aggregates are not hollow. This was further supported by the fact that
the SFM images displayed no indication of a depression in the middle of the objects
(Figure 3.5b).
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Figure 3.4: SFM images (height-contrast, inset of (a): 3-D profile) of 1 crossHnked
with PMDETA. The samples were prepared from a solution treated with a heating-
cooling process. Initial concentration of 1 in DMF (wt %): (a) 1.0, (b) 0.85, (c) 0.43,
and (d) 0.21. (e) Average aggregate diameter vs. polymer concentration.
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(b)
Figure 3.5: (a) TEM micrograph and (b) cross section of SFM height contrast image of
1 crossHnked with PMDETA. The samples were prepared from a solution treated with a
heating-cooling process. Initial concentration of 1 in DMF (wt %): (a) 1.0 and (b) 0.85,
respectively.
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3.4 Aggregates of the Polymer Chains Having Hydrogen as a Pendant
The DMF solutions of polymer 2 (1.0 and 0.43 wt %), where hydrogen has
replaced the alkyl group, also became turbid with the addition of PMDETA. However,
o 1
these solutions did not become clear, even at 1 50 C. The H NMR spectra of DM¥-dj
solution containing 2 (1.0 wt %) and PMDETA did not show any observable
resonances, regardless of the solution temperature (Figure 3.6). These observations
implied that the aggregates consisting of 2 and PMDETA were so tightly crosslinked
that the access of solvent molecules to the amine-acid bonds was restricted and the
dissociation of the amine-acid complexes does not occur even at high temperatures.
Thus, the alkyl pendant group in each repeat unit of the polymer 1 is the key to the
thermal reversibility of aggregation. Although this irreversibility might be a kinetic
phenomenon, the dissociation of the aggregate of polymer 2 and PMDETA at elevated
temperatures was not observed in the time frame of our experiment. When spin-coated,
the mixture of polymer 2 and PMDETA showed large fragments of small particles
(Figure 3.7), suggesting that the aggregates are not stable and prone to flocculation.
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Figure 3.6: (a)-(e) Variable temperature 'H NMR spectra of 2 ( 1 .0 wt %) and
PMDETA in XmV-di. (f) 'H NMR spectrum of 2 (1.0 wt %) in DMF-Jy ((a)-^(c)
:
heating, (c)—>-(e) : cooling, (f) r.t., * : peak from absorbed water).
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Figure 3.7: SFM images (left: height contrast, right: phase contrast) of 2 (0.43 wt %)
crosslinked with PMDETA.
3.5 Stability of Aggregates
A drop of each solution containing polymer 1 or 2 (0.43 wt %) and PMDETA
was placed on a silicon substrate or on a glass slide (Figure 3.8(0 min)). On the silicon
substrate, the solution of 1 and PMDETA (mixture 1) formed a droplet with a finite
boundary, while the solution of 2 and PMDETA (mixture 2) spread the entire surface.
The silicon substrate has ~2 nm thick native oxide layer on the surface. Therefore, these
results indicate that mixture 1 was less hydrophilic than mixture 2. Since the only
difference between 1 and 2 is the presence of the alkyl pendant group on the monomer
units, the reduced hydrophilicity of the mixture 1 can be attributed to the alkyl groups.
As suggested by the NMR results discussed above, some of the alkyl groups are located
on the exterior of the aggregates, thereby, reducing the polarity of the whole mixture.
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(a) 1+PMDETA (b) 2+PMDETA
0 min
Figure 3.8: Slow solvent-evaporation process ofDMF solutions containing (a) 1 or (b)
2 (0.43 wt %) crosslinked with PMDETA (left of each: on silicon substrate, right of
each: on glass slide).
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On the glass slide, mixture 1 spread more than it did on the silicon substrate, while
mixture 2 showed the opposite tendency. This is understandable, since the glass slides
are less hydrophilic than silicon substrates unless they are scrupulously cleaned. When
the turbid mixture 2 was dried at ambient condition, it gradually cleared as DMF
evaporated, producing a transparent film (Figure 3.8b). This can be understood by a
fusion of the aggregates via an inter-particle crosslinking. Conversely, mixture 1
maintained its turbidity and left a white powder after evaporation of the solvent (Figure
3.8a). An exterior layer of alkyl groups, as suggested by the wetting studies, would
retard the fusion of the particles, leaving isolated particles upon drying.
X-ray photoelectron spectroscopy (XPS) measurements were performed on
samples dried on silicon substrates (Figure 3.9). X-ray takeoff angle was controlled to
investigate the variation of compositions as a fiinction of the sampling depth. At the
take-off angle of 75°, all of the three elements, carbon, oxygen, and nitrogen, were
observed in the XPS survey spectra of both samples. At a shallow sampling depth (take-
off angle of 15°), the XPS survey spectrum obtained with the sample of 1 and
PMDETA showed carbon and oxygen peaks but negligible nitrogen peak, while the
spectrum obtained with the sample of 2 and PMDETA showed all of the three peaks.
These data indicate that, in the case of aggregates of polymer 1 and PMDETA, nitrogen
atoms (the elemental markers of PMDETA) were buried beneath a thin surface layer
consisting of carbon and oxygen. The C 1 s core-level spectrum, taken at the take-off
angle of 75°, of 1 and PMDETA contained the peak corresponding to the carbonyl
carbon. On the other hand, the spectrum taken at a take-off angle of 15° did not show
this peak, suggesting that the alkyl groups, not the carboxylic acid groups, were located
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at the exterior of the aggregates, in agreement with the other measurements. But,
considering the substitution pattern of the alkyl groups in the polymer 1 and the size of
the globular aggregates, a large number of alkyl groups are expected to exist in the
interior of the aggregates also.
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Figure 3.9: XPS spectra of the samples obtained after slow solvent-evaporation of
DMF solutions containing (a) 1 (inset: C Is core-level spectrum) or (b) 2 crosslinked
with PMDETA.
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3.6 X-ray Studies
The internal structure of the aggregates was investigated by x-ray scattering.
Aggregates of polymer (1 or 2) and PMDETA were collected by centrifugation from
DMF solutions (the initial concentrations of polymer: 0.43 and 1 .0 wt %), dried at an
ambient condition, and sandwiched between Kapton® films (25fim thick). The samples
(powdery states) of 1 and PMDETA consistently showed only one peak with a d spacing
of 3.3 nm (Figure 3.10a). It is much smaller than the size of the aggregates, prepared at
the corresponding initial concentrations, implying that the aggregates had a definite
internal structure and a structural hierarchy. The absence of any other peaks indicates
that the ordering is short range, with no ordering on the segmental level. The samples
(transparent film states) of 2 and PMDETA did not show any peaks, regardless of the
initial concentration of 2 (Figure 3.10b), even though they had the same amine-
carboxylic acid complexes as the samples of 1 and PMDETA. This suggests that the
alkyl groups of the polymer 1 played an important role in the formation of the
hierarchical structures. Although the sample dried from DMF solution of 1 (without
PMDETA) was an optically transparent film, it showed a very similar scattering pattern
to that of sample of 1 and PMDETA except a slight shift of the peak toward higher q
(Figure 3.10c, q = 2.1 nm ', d= 3.0 nm). Here, structure formation is, more than likely,
due to hydrogen bonding between the carboxylic acid groups. Although this bonding
was not strong enough to overcome the interactions with DMF, it could become
dominant as the solvent evaporates. Comparing the size of the microstructure (3.0 nm)
to the dimension of the repeat unit of 1 (~ 2.0 nm long), the alkyl pendant groups of the
hydrogen bonded repeat units are, more than likely, not extended.
54
I I I I I I I I I I I I I I I I I I I I I I I I I i_
0 5 10 15 20 25
q(nm"'')
Figure 3.10: Wide angle X-ray scattering patterns of samples dried from DMF
solutions, (a) 1 or (b) 2 (0.43 wt %) crosslinked with PMDETA, (c) 1 itself. (The
background scattering from Kapton® window was subtracted).
The increase in the spacing to 3.3 nm, as a result of the incorporation of PMDETA, can
be understood by considering the flexible nature of PMDETA. Molecular models of
PMDETA show that the average distance of nitrogen pairs varies from 0.29 to 0.49 nm,
depending on its conformation. This indicates that PMDETA adopted a compact
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conformation in the aggregates.
The structure of the aggregates can be described as Figure 3.1 1. As PMDETA
molecules interact with the acid groups and link, the chains of polymer 1 associate, the
number of free acids decreases, and the local concentration of the chains increases.
Such changes reduce the solubility of the associates in DMF and, consequently, induce
a collapse of the associates into globular aggregates. The aggregates become even
denser through further crosslinking of the remaining free acids and amines. The
formation of an amine-acid bond forces the pendant groups to re-orient, due to their
substitution pattern, in a way that the alkyl group faces opposite to the bond. As a result
of such a pendant group re-orientation, the globular aggregate has alkyl groups at the
surface and remains stable without inter-particle crosslinking. Similarly, the chains of 2,
having hydrogen instead of the alkyl pendant groups, are also able to form crosslinked
aggregates when PMDETA is added. While the alkyl pendants («-CioH2!-) can make
enough free volume in the collapsed aggregate to allow the access of solvent molecules
to the amine-acid bonds, hydrogen is simply too small. Therefore, the aggregate of
polymer 2 and PMDETA lacks thermal reversibility. The dense nature of the collapsed
aggregates of 2 and PMDETA restricts the mobility of the remaining free acids and
amines in the interior. Hence the development of structure may be kinetically trapped,
unlike the case of polymer 1. Also the small size of hydrogen presents little or no steric
barrier to inter-particle crosslinking as the solvent evaporates. The absence of a steric
barrier in addition to the lack of thermal reversibility may be the origin for the inability
of polymer 2 to generate regular objects with controllable size.
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Figure 3.11: Schematic of the structural development of a hierarchical globular
aggregate from 1 and PMDETA
3.7 Conclusion
We have shown that a rationally designed synthetic polymer chain (1), the
styrene based linear macromolecule containing both carboxylic acid and an alkyl (n-
C10H21-) pendant group on every repeat unit, can organize in a thermally revesible
manner with controlled size into a stable hierarchical globular object in DMF through
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specific interactions with an organic crosslinker (PMDETA). The results showed that
the organization behavior of this linear macromolecule can be regulated by the choice
of pendant groups in the repeat units. In addition to the use of monomers having
different pendants, block-wise construction could be another way to achieve a structural
versatility of this kind of polymers. Therefore, our designed architecture could provide
a model system to study the 3-D organization of linear polymers through non-covalent
crosslinking and to investigate the effect of the chain structure on supramolecular
organizations. With the thermal reversibility and the size control, in addition to the
narrow size distribution, these non-covalently crosslinked globular supramolecular
objects are expected to find their use as reaction supports for syntheses, templates for
the growth or self-assembly of other organic or inorganic materials, carriers for the
delivery of guest molecules or ions, colloidal materials for the optical devices,
biotechnological materials, and more.
3.8 Experimental
3.8.1 Materials
Polymer 1 and 2 were synthesized according to the previously reported method
using nitroxide-mediated living free radical polymerization. Polymer 1 was
synthesized from the styrene-based monomer having a /-butyl ester group and an alkyl
(«-CioH2i-) group with ether linkages at each meta position relative to the olefinic
group, followed by the hydrolysis of the /-butyl ester group. The number-average
molecular weight (Mn) of 1 determined by size exclusion chromatography (SEC),
performed before the hydrolysis of /-butyl ester group, was 15.6 kDa (PDI = 1.08,
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DP=47). Polymer 2 (Mi = 13.0 kDa, PDI = 1.14, DP=72) which has hydrogen as a
neutral pendant, instead of the alkyl group, was also similarly prepared using the
styrene-based monomer having a /-butyl ester group with an ether linkage at one meta
position relative to the olefmic group. Diethylenetriamine (Aldrich) and N,N,N',N'N"-
pentamethyldiethylenetriamine (Aldrich) were used as received. N,N-
dimethylformamide (Aldrich, 99.8%, anhydrous) was used without further purification.
3.8.2 Characterization
'H NMR spectra were recorded on a Bruker Fourier Transform AVANCE 400
(400 MHz for 'H) spectrometer in MiV-dimethylformamide-c/7 using residual proton
resonance of the solvent as internal standard. Size exclusion chromatography (SEC)
traces were obtained with a RI detector using tetrahydrofliran as an eluent. Number
(A/n) and weight (Mw) average molecular weights were calculated on the basis of
polystyrene standards. Dynamic light scattering (DLS) experiments were performed on
an ALV/SP-125 compact goniometer system with an ALV-5000/E multiple tau digital
correlator and an argon laser (A = 5\4 nm). Transmission electron microscopy (TEM)
measurements were performed using a JEOL lOOCX operated at 100 keV without
staining. Scanning force microscopy (SFM) measurements were performed using a
Dimension 3000 of Digital Instruments Inc. in tapping mode. X-ray photoelectron
spectroscopy (XPS) spectra were obtained on a Physical Electronics Quantum 2000
XPS spectrophotometer using a monochromatic Al Ka source. The XPS survey spectra
were recorded at the pass energy of 1 17.40 eV, while the C Is core-level spectra were
recorded at the pass energy of 46.95 eV. Wide angle and small angle X-ray scattering
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studies were performed using an instrument from the Molecular Metrology Inc.,
equipped with a focusing multilayer monochromator (Osmic MaxFlux) with A=0.154
nm. The beam was collimated with three pinholes. For the small angle detection, a 2-D
multiwire detector (sample to detector distance of 1 .5 m) was used. To record the wide
angle profiles, an image plate with a hole in the center was inserted into the beam path.
For the wide angle studies, the scattering peak of Kapton at q = 4nsmd/A = 4.1 nm
was used as an internal standard and a CaCOs standard (Jm =0.3035 nm) was used for
angular calibration. Silver behenate ((iooi=5.838 nm) was used for angular calibration of
the SAXS measurements.
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CHAPTER 4
CO-ASSEMBLY OF BIONANOPARTICLES AND WATER-INSOLUBLE
BLOCK COPOLYMERS IN A THIN FILM
4.1 Introduction
For the last several years, the simultaneous self-assembly of block copolymers
and preformed inorganic nanoparticles has attracted significant attention as a promising
way to develop functional hybrid materials, especially when the size- or shape-related
properties of the nanoparticles are important for the applications.' Through a numerical
calculation, Balazs and coworkers suggested that a coupled self-assembly of
nanoparticles and block copolymers can lead to hierarchically ordered structures. '
Their prediction has inspired lots of experimental works. Thomas and coworkers
showed that the size of nanoparticles can dictate the location of them in a microphase
separated block copolymer."* Lin et al. reported that nanoparticles mixed with a block
copolymer can segregate to the interfaces and mediate interfacial interactions resulting
in the orientation of microdomains normal to the surface.^ On the other hand, Kramer
and coworkers exploited enthalpic interactions between block copolymers and polymer-
coated nanoparticles to control the location of nanoparticles. By manipulating the
composition or the coverage of ligands, the location of the nanoparticles in the
microdomains of a block copolymer could be controlled. ^'^ They also observed the
change of block copolymer morphologies from lamellar to spherical as the nanoparticle
loading increased.^
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In addition to the synthetic inorganic nanoparticles used in the above mentioned
studies, there are numerous other nanoscopic objects. Among them, biologically-based
nanoparticles, such as viruses and proteins, are an interesting candidate. These nature-
made bionanoparticles are truly monodisperse in size and their structure and properties
are consistent from particle to particle. These unique features are a big advantage over
man-made inorganic particles. However, the studies on the cooperative assembly of
bionanoparticles and block copolymers are quite limited in comparison to the extensive
research efforts devoted to block copolymer / inorganic nanoparticle composites.
Recently, Lin et al. showed that the addition of poly(ethylene glycol) (PEG)-modified
ferritins to a lamellar forming poly(2-vinyl pyridine-^-ethylene oxide) (P2VP-Z>-PE0)
could change the lamellae orientation of the block copolymer.' Although this report
showed an example of the combined assembly of bionanoparticles and block
copolymers, the requirement for a chemical modification of the bionanoparticle to
improve the miscibility limits the application of this approach as a general method. In
this chapter, we report a simple way to incorporate unmodified bionanoparticles into
water-insoluble block copolymer thin films and the morphology of the resultant
composites driven by the combined self-assembly of the two distinct building blocks.
4.2 How to Incorporate Bionanoparticles into Block Copolymer Thin Films
To reach this goal, a number of obstacles had to be overcome. Most of all,
without modification, getting a mixture of water-insoluble block copolymers and water-
soluble bionanoparticles is not trivial. The sensitivity of bionanoparticles limits the use
of co-solvents to promote miscibility between water-soluble bionanoparticles and
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water-insoluble block copolymers, since polar organic solvents, like A^.A^-dimethyl
formamide (DMF) and dimethyl sulfoxide (DMSO), can denature the
bionanoparticles.'^ The low thermal stability of bionanoparticles precludes the use of
thermal annealing as a way to impart mobility to the polymer chains and promote the
microphase separation of the block copolymers. To avoid these limitations, we have
devised a new way as described in Figure 4. 1
.
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Figure 4.1 : Schematic of the fabrication of a thin film composite of block copolymer /
bionanoparticle.
A thin film of a block copolymer was prepared on a substrate. The polymer film
was immersed in a buffered aqueous solution of bionanoparticles to adsorb them on it.
When exposed to a surface, bionanoparticles can adsorb on it simply through
hydrophobic interaction or electrostatic force." After the adsorption, the sample was
rinsed with the buffer solution and de-ionized (DI) water (resistivity = 18.2 MQ cm)
sequenfially. The water remaining on the polymer film was removed with a stream of
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nitrogen gas. After sitting at ambient conditions overnight, the sample was annealed at
room temperature under solvent vapors. Solvent annealing has been shown to be an
efficient way to facilitate the microphase separation of block copolymers.'*"^"^" Since
it can be done at room temperature, this is an ideally suited tool for a system which has
thermally labile materials like bionanoparticles.
4.3 Ferritin / PS-Z>-PEO System
As a model bionanoparticle, ferritin, the major cellular iron storage protein, was
used. It consists of 24 polypeptide subunits forming a spherical hollow shell (the inner
and outer diameters are approximately 8 and 12 nm, respectively) and contains hydrated
iron oxide in the internal cavity.'"* Since the inorganic core enhances the electron
density contrast of the system, the location of ferritin can be easily determined by
transmission electron microscopy (TEM) without staining. Cylinder forming PS-/7-PEO
(Mn=25.3 kg/mol, wps=0.75, PDI=1.04) was tested as a model block copolymer, since it
is known to form well ordered microstructures through solvent annealing and the effect
of the annealing condition on its morphology has been reported.'^ For this study, a thin
film (~30 nm thick) of PS-6-PE0 formed on a silicon substrate was immersed in a
buffered (25 mM HEPES, pH=7.5) aqueous solution of ferritin (1 mg/ml) for 10 min.
Figure 4.2 shows a SFM (scanning force microscope) and TEM images of a PS-/>-PEO
film after adsorbing ferritins.
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Figure 4.2: (a) SFM (left: height, right: phase) and (b) TEM images of a PS-^-PEO
film after adsorbing ferritins, (adsorption was done for 10 min using Img/ml ferritin
solution)
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As the annealing solvent, benzene was used following Kim et al}^ It has been
reported that, for a solvent annealing of PS-/)-PEO, the humidity is an important
parameter for determining the swelling of PEO domains and, consequently, the spacing
between them. To control the humidity of the annealing chamber, differing amounts of
water were put beside 150 ^1 of benzene in a 250 ml sealed jar. When the ambient
humidity was 1 8%RH at 20 °C, the jar was kept saturated with water vapor by using 30
|xl or more of water. The saturation of humidity was confirmed with the condensation of
dew on the wall and the presence of remaining water droplets. Based on this result, we
selected three different humidity conditions; (a) low (benzene/water= 150^1/5^1), (b)
intermediate (150nl/20|il), and (c) high (150)^l/50|il) humidity. When annealed for 48hr
at the low humidity condition, ferritin particles (shown as black dots in TEM
micrographs) did not disperse well and aggregated, although the PS-^-PEO formed well
organized microdomains (Figure 4.3a). The protrusion in the corresponding SFM height
image (Figure 4.3d) also indicated the aggregation of ferritins. The average center-to-
center distance (Jc-c) between PEO microdomains was 23 nm, similar to that of the neat
(without ferritin) PS-Z)-PEO film annealed at the same condition. However, at high
humidity conditions, the bionanoparticles dispersed and localized in the PEO
microdomains after annealing (Figure 4.3c). This sample had a larger dc-c spacing
(28nm) than the corresponding neat polymer film {dc-c =26nm), reflecting the
incorporation of bionanoparticles. The humidity effect on the dispersion and the
selective localization of ferritin could be understood by considering that water is a
highly selective solvent for PEO and ferritin, while benzene is a non-solvent for ferritin.
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Figure 4.3: TEM micrographs (a-c) and height contrast SFM images (d-f) of
ferritin/PS-Z)-PEO composite (ferritin adsorption was done using Img/ml solution in
pH=7.5 buffer). Samples were annealed for 48hr under benzene vapor at different
humidity conditions; (a)&(d) the low, (b)&(e) the intermediate, (c)&(f) the high
humidity conditions. (Scale bars : 200 nm)
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During the solvent annealing, benzene vapor swells the film and imparts mobility to the
polymer chains. Also, the absorbed solvent vapor possibly weakens the hydrophobic
interaction between polymer chains and ferritin. Consequently, the bionanoparticles
become mobile and migrate until they find a favorable environment. Under high
humidity conditions, PEO chains swell with water vapor, so the water-swollen PEO
domain could provide a favorable hydrophilic environment for the bionanoparticles.
However, when the humidity is low, PEO swells much lower extent and ferritins are
less likely to find a desirable environment until they meet together and form aggregates.
Under the intermediate condition (Figure 4.3b & e), the dispersion of ferritins was also
observed. However, the morphology did not as clearly develop as in the high humidity
case.
4.4 Ferritin / PS-A-P4VPQ System
The PS-Zj-PEO / ferritin composite showed that our approach is an efficient way
to incorporate bionanoparticles into block copolymer films. However, to investigate the
effect of the corporative self-assembly of both building blocks, the loading of
bionanoparticles we have got using the PS-/?-PEO film was not high enough. To
increase the bionanoparticle loading in a block copolymer / bionanoparticle composite,
the utilization of additional interactions stronger than the hydrophobic one would be an
efficient way. Since the isoelectric point (pi) of ferritin (from horse spleen) is 4.4,'^
ferritin bears net negative charge at neutral pH. Therefore, using a block copolymer
having a positively charged block could be one way to increase the loading of ferritin.
70
Figure 4.4: PS-Z)-P4VP0 annealed with benzene vapor under the high humidity
condition, (a) SFM height image of a thin film, (b) Transmission SAXS profile of a
bulk sample.
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Poly(styrene-/)-A^-methyl-4-vinyl pyridinium iodide) (PS-/)-P4VPQ, Mn=53.1k,
wps=0.75, PD1=1.09) is one of such materials. Small angle x-ray scattering (SAXS) of a
bulk sample that was annealed under the benzene vapor at the high humidity condition
showed that this block copolymer had a cylindrical morphology (i/c-c=34nm) (Figure
4.4b).
Thin film (-30 nm thick) of PS-/)-P4VPQ was formed on a substrate and the
sample was prepared following the scheme of Figure 4.1. Similar to the PS-^-PEO case,
the humidity of the annealing chamber was an important parameter to incorporate the
bionanoparticles into the polymer film, so the high humidity condition was used for the
annealing. The loading amount of bionanoparticles was controlled with the ferritin
concentration of the dipping solution. Figure 4.5 shows SFM height images of the
composites with different ferritin loading amounts. As the loading of ferritin increased,
some of the minor component domains became bigger in size and elongated in shape
(Figure 4.5a-b). Eventually, those domains connected (Figure 4.5c) and formed a
network-like structure similar to grain boundaries dividing the film into a 2-dimensional
(2-D) array of grains (Figure 4.5d). Inside of the grain, block copolymer chains
microphase separated and formed a morphology similar to that of the neat block
copolymer film. Consequently, the composite had a 2-D hierarchical structure. The
average d^-c of the microdomains inside of the grains (35nm) was similar to that of the
neat block copolymer, implying that, inside the grain, the morphology of the polymers
was not disturbed by the ferritin. The location of ferritins was investigated using TEM.
At low loading (dipping solution; 0.002 mg/ml ferritin), the bionanoparticles dispersed
and localized at the minor domain (P4VPQ) of the annealed film (Figure 4.6a), similar
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to the above mentioned PS-Zj-PEO case. However, when the ferritin loading was high
(dipping solution; 0.03mg/ml ferritin), most of the bionanoparticles were segregated at
the grain boundaries and, interestingly, almost none inside of the grains (Figure 4.6b).
Figure 4.5: SFM height images of ferritin/PS-Z)-P4VPQ composites with differing
ferritin loadings. Ferritin adsorption was done using (a) 0.005mg/ml, (b) O.Olmg/ml, (c)
0.02mg/ml, and (d) 0.03mg/ml ferritin solutions, respectively. Samples were annealed
for 18hr under benzene vapor at the high humidity condition. (Scale bars : 400 nm)
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Figure 4.6: TEM micrographs of ferritin/PS-^-P4VPQ composites with different
ferritin loading amounts; (a) low loading (ferritin adsorption was done using
0.002mg/ml solution) and (b) high loading (using 0.03mg/ml solution). (Scale bars :
200 nm)
To understand the annealing process, ferritin adsorbed PS-6-P4VPQ films were
annealed for different time lengths under the high humidity condition. Initially, the
ferritin adsorbed polymer film had a rough surface. After annealing for 6 hr, the surface
roughness reduced significantly and a microphase separated structure of block
copolymer chains with small size grains developed. As time passed, the grains where
the block copolymers formed a microphase separated morphology increased in size
(Figure 4.7). Figure 4.7e shows the change of grain sizes as a function of the annealing
time. In this graph, filled circles represent the area weighted averaged grain size
(^(area)r/X(area),) and the error bars show the range of the grain sizes (from the
smallest grain to the largest grain). The average and the largest grain sizes increased
gradually as the annealing proceeded and after 24hr the grain size did not change much.
This process is reminiscent of the crystallization of semicrystalline polymers and could
be viewed as following. When annealed, the microphase separation of the block
copolymer chains initiated and formed small grains. As the annealing proceeded, the
microphase separated grains gradually increased in size, while the impurities
(bionanoparticles) were excluded from the growing grains and segregated at the grain
boundary.
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Figure 4.7: SFM height images of highly loaded ferritin/PS-/7-P4VPQ composites
annealed for different time lengths; (a) before annealing, (b) 6hr, (c) 12hr, and (d) 24hr.
(e) grain sizes vs. annealing time. Filled circles in (e) represent the area weighted
averaged grain size and the error bars show the range of the grain sizes (from the
smallest grain to the largest grain). (Scale bars : 400 nm)
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Figure 4.8: SFM images of a highly loaded ferritin/PS-/)-P4VPQ composite annealed
for 72hr. (a) a phase contrast, (b) a height contrast, and (c) a cross section of the height
image along the dotted line. (Scale bars : 400 nm)
SFM phase image of the annealed sample showed that the grain boundary had
the same phase as the matrix domain of the grains (Figure 4.8a), indicating that the
surface of the grain boundary was covered with PS blocks. Cross-section of the
corresponding height image showed that the grain boundary had a smooth surface
(Figure 4.8c, between arrows), implying that ferritins were not exposed to the surface.
When the annealed film was immersed in 0.3wt% HAuCl4'3H20 solution for one day,
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the grain boundaries as well as the minor domains in the microphase separated grains
were coordinated with gold ions (Figure 4.9), showing that both areas contained the
same material (P4VPQ block). Combined, these results suggested that the grain
boundary was composed of a ferritin containing P4VPQ layer that was covered with a
PS block.
t .
•
Figure 4.9: TEM micrograph of a highly loaded ferritin/PS-Z)-P4VPQ composite
coordinated with gold ions. (Scale bar : 200 nm)
To verify the deduction about the film structure, SFM was performed on the
bottom side (i.e. film/substrate interface) of the composite film that was transferred to
epoxy resin. After attaching epoxy resin onto a carbon coated composite film and
curing it, the film was detached from the silicon substrate by dissolving the silicon
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oxide layer with 5% HF solution. The SFM images taken from the bottom side of the
film also showed grain structures (Figure 4.10). However, the phase signal of the grain
boundary was similar to that of the minor domain instead of the matrix phase (Figure
4.10b). This result supported our deduction about the composite film structure
schematized in Figure 4.11.
Figure 4.10: Bottom side SFM images of a highly loaded ferritin/PS-Z)-P4VPQ
composite; (a) a height contrast, (b) a phase contrast.
••••
Figure 4.11: Film structure model of a highly loaded ferritin/PS-6-P4VPQ composite.
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4.5 TMV / PS-A-P4VPQ System
To check the apphcabihty of this process to other bionanoparticles, tobacco
mosaic virus (TMV) was tested. TMV is rod-shaped, 300 nm long and 18 nm in
diameter, with a 4 nm wide internal channel.'^ The dispersion of TMV was dependent
on the pH of the dipping solution. Figure 4.12 shows SFM height images of ?S-b-
P4VPQ films after adsorbing TMVs from different solutions having pHs ranging from 6
to 10. Since this pH range is above the isoelectric point of TMV, TMV has net
negative charge all over this range. However, its assembling behavior varied depending
on the solution pH. When the pH of the dipping solution was 6~9, some of TMVs
assembled into |j.m-long bundles. Compare to them, TMVs adsorbed from the pH 10
solution showed better dispersion, probably due to the stronger electrostatic repulsion
between TMVs. TMV coat proteins have amino termini exposed to the viral outer
surface.'^ Since the a-amino groups of amino acids have pKa around 9,''^ they
deprotonate above pH 9. Therefore, the net charge of TMV probably becomes more
negative. Based on this result, TMV adsorption was done at pH 10 to get a better
dispersion. Figure 4.13 shows a TEM micrograph of a TMV/PS-Z7-P4VPQ composite
negatively stained with a 2% uranyl acetate solution. Similar to the ferritin case, the
composite had microphase separated block copolymer grains and surrounding grain
boundaries where TMV localized. Reflecting the rod-shape of the TMV, the grains had
straight edges. The conservation of TMV structure indicated that the process we used
was benign to maintain the bionanoparticle structure.
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Figure 4.12: SFM height images of TMVs adsorbed on a PS-^-P4VPQ film. TMV
adsorption was done using solutions (0.3mg/ml TMV) with different pH values; (a) pH
6.0, (b) pH 7.5, (c) pH 9.0, and (d) pH 10.0. (Scale bars : 500 nm)
81
Figure 4.13: TEM micrograph of TMV/PS-^-P4VPQ composite negatively stained
with uranyl acetate. TMV adsorption was done using a 0.3mg/ml solution with pH 10.
(Scale bar : 200 nm)
82
When loaded with gold ions using 0.3wt% HAuCl4-3H20 solution, the grain
boundaries as well as the minor domains in the microphase separated grains were
coordinated with gold ions (Figure 4.14), like the ferritin/PS-Zj-P4VPQ case.
* •
Figure 4.14: TEM micrograph of a TMV/PS-Z>-P4VPQ composite coordinated with
gold ions. TMV adsorption was done using a 0.3mg/ml solution with pH 10.
4.6 Conclusion
In this report, we have shown that bionanoparticles can be incorporated into a
thin film of water-insoluble block copolymers, through the combination of adsorption
and solvent annealing. This process was successfully applied to both spherical and rod-
like bionanoparticles without modification of them. The humidity of the annealing
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chamber was a critical parameter in determining the morphology of the block
copolymer / bionanoparticle composites. The use of a block copolymer having a
charged component was shown to be an efficient way to increase the loading of
bionanoparticles in the composite. When bionanoparticles were highly loaded, the
combined assembly of a block copolymer and bionanoparticles resulted in a hierarchical
structure, where the microphase separation of the PS-/)-P4VPQ forced a segregation of
the bionanoparticles to the grain boundaries forming a much larger scale structure. The
structure of bionanoparticles was conserved during the process, addressing a crucial
aspect for the practical application of these materials. In addition, since most block
copolymers sparingly dissolve in water, the approach described here could be a useful
strategy to promote the melding of synthetic materials with biologically based
materials.
4.7 Experimental
2-(2-hydroxylethyl)-l-piperazineethanesulfonic acid (HEPES, Fisher) and the
disodium salt of ethylenediaminetetraacetic acid (EDTA, Fisher) were used without
further purification. The HEPES buffer (pH=7.5) was prepared by dissolving HEPES
(25 mM) and EDTA (1 mM) in DI water and its pH was adjusted with NaOH (Fisher).
The other buffers were purchase from Fisher (SB104, SB114, SB115) and diluted to
25mM with DI water before use. Ferritin (Horse spleen type I, 76 mg/ml) was
purchased from Sigma Aldrich. TMV was cultured in Professor Qian Wang's group and
stored in a potassium phosphate buffer (lOmM, pH 7.8). They were diluted with a
buffer solution to the desired concentrations before use. PS-^-PEO (Mn=25.3 kg/mol,
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M'ps=0.75, PDI=1.04) and (PS-^>-P4VPQ, Mn=53.1k, vvps=0.75, PDI=1.09) were
purchased from Polymer Source Inc. and used as received. They were dissolved in
benzene and DMF, respectively, and spin-coated onto a silicon wafer having a 250 nm
thick silicon oxide layer (International Wafer Service Inc.). This substrate was cleaned
with oxygen plasma (operated at 1 00 mTorr) for 5 min before spin coating. To prepare
TEM samples, the film of annealed sample was floated on water after dissolving the
oxide layer of the substrate using 5% hydrofluoric acid and transferred onto a copper
grid. TEM was performed using a JEOL lOOCX operated at 100 keV. Image analysis
was done using ImageJ. SFM measurements were done using a Dimension 3000 of
Digital Instruments Inc. in the tapping mode. Uranyl acetate dehydrate (Electron
Microscopy Sciences) and HAuCl4-3H20 (Sigma Aldrich) were dissolved in DI water
to the desired concentrations.
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CHAPTERS
SUMMARY AND OPPORTUNITIES
Hierarchical assembly of materials is gaining increasing interests in various
research fields, including microelectronics, photonics, and biotechnologies. In the
previous chapters (2~4), we showed three different approaches to achieve a hierarchical
self-assembly of synthetic polymers. Although the strategies presented here were tested
using simple model systems, their applications could be extended to other systems and
might provide various opportunities to fabricate novel functional materials.
With PLLA-/)-PEO-/)-PLLA, we observed an enhanced coupling of the
crystalline chain orientations as a result of the covalent linking between semicrystalline
blocks. Nature uses preordered macromolecular templates to grow biominerals, such as
bones, and studies have been done to mimic this process.' If we find a way to use
crystalline block copolymers as a template for mineralization, the coupling of chain
orientation may provide unique opportunities to control the orientation of deposited
materials. Watkins and coworkers has demonstrated that supercritical fluid can be used
to deposit metal oxide on block copolymer templates. Their process might be adopted
for the mineralization on crystalline block copolymers.
In Chapter 3, we showed that a stable globular aggregate of multifunctional
linear macromolecules can be obtained through a proper choice of pendant groups. The
hierarchical architecture generated as a result of the incorporation of amine crosslinkers
could be used as a delivery system by replacing the crosslinker with a functionalized
guest material. Controlled size and the narrow size distribution of the aggregates are
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advantageous in achieving effective delivery. The dissociation of the chain assembly at
elevated temperatures could enable a controlled release of guest materials. The
opportunities to use it as a delivery system would significantly increase, if the
aggregates are water-soluble. For example, by attaching PEG as a neutral pendant, we
might fabricate a discrete nanostructure that is stable in aqueous media and suitable for
drug delivery. In addition to a neutral pendant, the carboxylic acid pendant could also
be replaced with other functional groups, such as metal binding ligands, that can
participate in a non-covalent crosslinking. Since we have two pendants (neutral and
functional) that determine the property of the chain and the aggregate, with a proper
combination of both pendants we might be able to fabricate a wide spectrum of
nanostructures that can perform diverse tasks.
Through the coupled assembly of bionanoparticles and block copolymers, we
were able to fabricate hierarchical structures (Chapter 4). The conservation of
bionanoparticle structures indicated that our process is suitable for incorporating
sensitive materials with block copolymers. However, the grain size in the hierarchical
structure could not be controlled and showed a broad distribution. Pre-assembling
bionanoparticles into a regular size and shape, such as a ring, a triangle, a square, or
other shapes, would be one way to improve this situation. Belcher and coworkers have
shown that genetically engineered Ml 3 bacteriophages could form a ring"^ or a Y-
shaped"* structure. Branched DNA molecules have been used to fabricate various well-
defined structures.^ The integration of such materials with our process could provide a
good opportunity to have better control over the resultant hierarchical structures. On the
other hand, the dispersion and localization of bionanoparticles at the hydrophilic
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microdomains in a low loading situation would provide another opportunity to fabricate
functional materials. If we incorporate functional proteins, such as transmembrane
proteins, into a block copolymer film and control their directionality, we might get a
functional membrane or a sensor that utilizes specificity of proteins. To this end, the
ability of block copolymer films to control the lateral distribution of materials has
unique advantages over layer-by-layer films based on polyelectrolytes.^ Also, the poor
mechanical stability of lipid bilayer films could be circumvented with block
copolymers. Although we have dealt only with bionanoparticles in Chapter 4, other
materials, like inorganic nanoparticles, can be used. The described process will be
useful, especially when the chemical modification of nanoparticles is difficult and a
solution state mixture with polymers is hard to realize.
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APPENDIX A
SUPPLEMENTAL INFORMATION FOR CHAPTER 4
A.l. Annealing Solvents for Ferritin/PS-A-P4VPQ System
Figure A.l shows SFM height images of ferritin/PS-/)-P4VPQ samples that were
annealed using different solvent vapors. For this experiment, the ferritin adsorption was
done using a 0.03mg/ml ferritin solution (in the 25 mM HEPES buffer, pH=7.5). As
shown in section 4.4, when the sample was annealed using benzene vapor at high
humidity conditions (Figure A. la), the hierarchical structure consisted of grains having
microphase separated block copolymer morphology was obtained. Similar result was
obtained when benzene was replaced with toluene and the sample was annealed under
high humidity conditions (Figure A. lb). However, when the annealing was done at low
humidity conditions (no water was added to the annealing chamber) using benzene
vapor (Figure A.lc), the sample had a rough surface and the hierarchical morphology
was not obtained. On the other hand, when the sample was kept under high humidity
conditions but no organic solvent was used (Figure A. Id), the hierarchical structure did
not develop, either. Benzene and toluene are good solvents for PS block, but not for
P4VPQ block or ferritin. On the contrary, water is a good solvent for P4VPQ and
ferritin, but not for PS. Therefore, the results in Figure A.l showed that the annealing
using the vapor mixture of selective solvents for each component is a good way to get a
thin film composite of ferritin/PS-/)-P4VPQ and the hierarchical organization of the
components.
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Figure A. 1: SFM height images of PS-/>-P4VPQ/ferritin composites annealed using
different solvent vapors. Solvents added to the 250ml annealing chamber; (a)
benzene/water (}il/|al)=l 50/50, (b) toluene/water= 150/50, (c) benzene=150, and (d)
water=100. Z-scales; (a) & (b) 25nm, (c) lOnm, and (d) 30nm. (Scale bars : 400 nm)
A.2. 1 of PS-6-P4VPQ
In Section 4.4, the microdomains of the minor component (P4VPQ) were
appeared brighter than the matrix in the TEM micrographs of ferritin/PS-^-P4VPQ
composite (Figure 4.6). However, considering that the P4VPQ block had I as the
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counter ion and the i has high electron density, the P4VPQ domains were expected to
be darker in TEM micrographs. This unexpected result was understood as a
consequence of an ion exchange (probably with OH ) that could occur during the
bionanoparticle adsorption and subsequent rinsing steps. The XPS spectra taken from
the as cast PS-/)-P4VPQ film showed iodine peaks (Figure A. 2a). However, when the
block copolymer film was immersed in the pH 7.5 buffer, rinsed with the buffer and DI
water, and subsequently annealed using benzene vapor under high humidity conditions,
iodine peaks were not observed with XPS (Figure A.2b). This result is in aggrement
with the hypothesis about the ion exchange of Y.
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Figure A. 2: XPS spectra of PS-Z)-P4VPQ films; (a) as cast film, (b) a film that was
immersed in buffer solution, rinsed with DI water, and annealed with benzene vapor
under the high humidity condition.
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A.3. pH and Polymer Molecular Weight Effects on the Ferritin/PS-A-PEO System
i .
. With TMV, we have seen the effect of the solution pH on the dispersion of bio-
nanoparticles (Section 4.5). The pH effect on the dispersion of the bionanoparticles was
also investigated with the ferritin/PS-6-PEO (Mn=25.3k, wps=0.75, PDI=1.04) system.
For this purpose, the ferritin stock solution (76mg/ml) was diluted to Img/ml with the
pH 10 buffer and used for the adsorption. Even at this pH, the solution state of ferritin
was maintained for several hours at room temperature. However, when kept overnight,
a precipitation of the ferritin occurred. Therefore, the ferritin adsorption process was
done within a couple of hours from the preparation of the ferritin solution in the pH 10
buffer. When the ferritin adsorption was done using the pH 10 solution and annealed
with benzene vapor under high humidity conditions, better dispersion of the ferritin was
obtained (Figure A. 3), in comparison to the pH 7.5 case (Figure 4.3c). Also, the dc-c
(~33nm) of this sample was larger than that of the composite prepared using the pH 7.5
solution. However, without ferritin, the pH effect on the PS-^-PEO morphology was not
observed. The neat PS-Z?-PEO film that was immersed in the pH 10 buffer (without
ferritin) and annealed showed similar result as the neat PS-Z)-PEO film treated with the
pH 7.5 buffer.
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Figure A. 3: TEM micrograph of PS-Z)-PEO (Mn=25.3k, wps=0.75, PDI=1.04) /ferritin
composites prepared using the ferritin Img/ml solution in the pH=10 buffer. Samples
were annealed for 48h with benzene vapor at the high humidity condition.
By varying the molecular weight of blocks, we can control the microdomain size
and the spacing between the microdomains. This controllablilty could be a big
adventage for the applications that need the control over the lateral spacing. Through
the use of a higher molecular weight PS-/>-PEO (Mn=35k, m'ps=0.71, PDI=1.05), we
were able to get a ferritin/PS-^-PEO composite having a much larger lateral spacing (dc-
c~ 47nm) (Figure A. 4). In addition to the higher molecular weights of components, this
block copolymer has higher PEO content (wpeo=0.29) than the 25.3k one has
(wpEO=0.25). PEO domains swell with water vapor during the annealing process.
Therefore, the swelling of PEO domains should be considered as another parameter that
determines the domain spacing.
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Figure A. 4: TEM micrographs of PS-Z)-PEO (Mn=35k, m'ps=0.71, PDI=1.05) /ferritin
composites prepared using the ferritin Img/ml solution in the pH=10 buffer. Samples
were annealed for 48h with benzene vapor at the high humidity condition.
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